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IRON-BASED CATALYST FOR 
PRODUCING OLIGOMERS OF CONJUGATED DIENES 

FIELD OF THE INVENTION 
The present invention generally relates to an iron-based catalyst 
composition for use in oligomerizing conjugated dienes into oligomers. The 
catalyst composition is formed by combining (a)(i) an iron compound and a 
halogen-containing compound or (ii) a halogen-containing iron compound, (b) a 
hydrogen phosphite, and (c) an organoaluminum compound. 
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BACKGROUND OF THE INVENTION 
Conjugated dienes such as 1,3-butadiene and isoprene undergo a variety 
of catalytic oligomerization reactions to give cyclic or acyclic oligomers. These 
oligomers are valuable feedstocks in the industrial production of fine organic 
15 chemicals. For example, the dimers and trimers are utilized as intermediates for 
synthesizing flame retardants, terpenoid and sesquiterpenoid compounds of 
biological interest, and fragrances. 

Various coordination catalyst systems based on nickel, palladium, cobalt, 
titanium, chromium, and iron have been reported in the prior art for catalyzing the 
20 oligomerization of conjugated dienes (see, e.g., R. Baker, in Chemical Reviews 1973, 
Volume 73, Page 487). The majority of these catalyst systems, however, have no 
practical utility because they have low activity and poor selectivity. The resulting 
oligomerization product is often a complicated mixture of cyclic and acyclic dimers, 
trimers, tetramers, and higher oligomers. Furthermore, some oligomerization 
25 catalyst systems also generate a certain amount of polymer in the oligomerization 

product mixtures. 

Several iron-based coordination catalyst systems are known in the prior 
art for the oligomerization of conjugated dienes. The Bulletin of Chemical Society 
of Japan 1965, Volume 38, Page 1243 discloses a process for the oligomerization 
30 of 1,3-butadiene by using a catalyst system comprising iron(III) acetylacetonate 
and triethylaluminum. The Bulletin of Chemical Society of Japan 1966, Volume 39, 
Page 1357 discloses a process for the oligomerization of 1,3-butadiene by using a 
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catalyst system comprising iron(III) acetylacetonate, triethylaluminum, and 
triphenylphosphine. And, the Journal of Organic Chemistry 1965, Volume 30, Page 
1661 discloses a process for oligomerizing 1,3-butadiene in the presence of a 
catalyst system comprising iron(III) chloride, triphenylphosphine, and 
triethylaluminum. All of these iron-based catalyst systems, however, have very low 
activity and poor selectivity, and the resulting oligomerization product is a mixture 
of cyclic and acyclic dimers, trimers, and higher oligomers, as well as polymer. 
Therefore, these iron-based catalyst systems have no industrial utility. 

Because the oligomers of conjugated dienes are useful and the catalyst 
systems known heretofore in the art have many shortcomings, it would be 
advantageous to develop a new and significandy improved catalyst system that has 
high activity and selectivity for oligomerizing conjugated dienes into oligomers. 

SUMMARY OF THE INVENTION 

The present invention provides a catalyst composition that is the 
combination of or the reaction product of ingredients comprising (a)(i) an iron 
compound and a halogen-containing compound or (ii) a halogen-containing iron 
compound, (b) a hydrogen phosphite, and (c) an organoaluminum compound. 

The present invention also provides a catalyst composition formed by a 
process comprising the step of combining (a)(i) an iron compound and a halogen- 
containing compound or (ii) a halogen-containing iron compound, (b) a hydrogen 
phosphite, and (c) an organoaluminum compound. 

The present invention also includes a process for forming conjugated 
diene oligomers comprising the step of oligomerizing conjugated diene monomers 
in the presence of a catalytically effective amount of a catalyst composition formed 
by combining (a) (i) an iron compound and a halogen-containing compound or (ii) 
a halogen-containing iron compound, (b) a hydrogen phosphite, and (c) an 
organoaluminum compound. 

Advantageously, the catalyst composition of the present invention has 
very high activity, which allows conjugated diene oligomers to be produced in very 
high yields with low catalyst levels after relatively short oligomerization times. In 
addition, since the catalyst composition is highly active, even at low temperatures, 
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the oligomerization of conjugated dienes may be carried out under very mild 
temperature conditions, thereby avoiding thermal polymerization and/or cracking 
or other deleterious effects on the oligomerization product. Further, the catalyst 
composition is iron-based, and iron compounds are generally stable, non-toxic, 
5 inexpensive and readily available. Furthermore, the catalyst composition is very 
selective. For instance, by utilizing the catalyst composition, 1,3-butadiene can be 
converted substantially quantitatively to acyclic dimers without the production of 
any other products. 

10 DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS 

The catalyst composition is formed by combining (a)(i) an iron 
compound and a halogen-containing compound or (ii) a halogen-containing iron 
compound, (b) a hydrogen phosphite, and (c) an organoaluminum compound. 
Therefore, in one embodiment, component (a) of the catalyst composition of this 
15 invention comprises an iron compound and a halogen-containing compound, and 
in another embodiment, component (a) comprises a halogen-containing iron 
compound. The halogen-containing compound, which does not include an iron 
atom, may be used in conjunction with a halogen-containing iron compound. Both 
the iron compound and the halogen-containing iron compound may be collectively 
20 referred to as iron-containing compounds. Other organometallic compounds or 
Lewis bases that are known in the art can be added, if desired. 

Various iron-containing compounds or mixtures thereof can be utilized. 
These compounds are preferably soluble in a hydrocarbon solvent such as aromatic 
hydrocarbons, aliphatic hydrocarbons, or cycloaliphatic hydrocarbons. 
25 Hydrocarbon-insoluble iron-containing compounds, however, can be suspended in 
the oligomerization medium to form the catalytically active species, and are 

therefore also useful. 

The iron atom in the iron-containing compounds can be in various 
oxidation states including, but not limited to, the 0, +2, +3, and +4 oxidation 
30 states. Divalent iron compounds - also called ferrous compounds - wherein the 
iron is in the +2 oxidation state, and trivalent iron compounds - also called ferric 
compounds-whereintheironisinthe +3 oxidation state are preferred. Suitable 
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types of iron-containing compounds include, but are not limited to, iron 
carboxylates, iron carbamates, iron dithiocarbamates, iron xanthates, ,ron 
p-diketonates, iron alkoxides or aryloxides, iron halides, iron pseudo-halides, iron 
oxyhalides, and organoiron compounds. 

Suitable iron carboxylates include iron(II) formate, ironflll) formate, 
iron(Il) acetate, iron(IIl) acetate, ironfll) acrylate, iron(lll) acrylate, iron(Il) 
methacrylate, iron(IIl) methacrylate, ironfll) valerate, iron(lll) valerate, iron(II) 
gluconate, ironflll) gluconate, iron(H) citrate, iron(m) citrate, iron(ll) fumarate 
ironCIID fumarate, iron(ll) lactate, iron(IIl) lactate, iron(ll) maleate, iron( 1) 
3 m aleate, iron(ll) oxalate, iron(Ill) oxalate, iron(Il) 2-ethylhexanoate, ironf 
2-ethylhexanoate, ironfll) neodecanoate, iron(Ill) neodecanoate, iron ( ID 
naphthenate, iron(lll) naphthenate, ironfll) stearate, iron(III) stearate, ironfll) 
oleate, ironflll) oleate, ironfll) benzoate, ironfUD benzoate, iron(II) picohnate, 

and ironflll) picolinate. 
5 suitable iron carbamates include ironfll) dimethylcarbamate, ironflll) 

dime thylcarbamate,i^^ 

diisopropylcarbamate, ironflll) diisopropylcarbamate, ironfll) dibutylcarbamate 
ironflll) dibutylcarbamate, ironfll) dibenzylcarbamate, and >ron ( IIl) 
dibenzylcarbamate. 

20 suitableirondithiocarbamatesincludeironfll) dimethyldithiocarbamate, 

ironflll) dimethyldithiocarbamate, ironfll) diethyldithiocarbamate, ironflll) 
diethyldithiocarbamate, ironfll) diisopropyldithiocarbamate, ironflll) 
diisopropyldithiocarbamate, ironfll) dibutyldithiocarbamate, ironflll) 
dibutyldithiocarbamate, ironfll) dibenzyldithiocarbamate, ironflll) 

25 dibenzyldithiocarbamate. 

Suitable iron xanthates include ironfll) methylxanthate, «m(ffl) 
.ethylxanthate, ironfll) ethylxanthate, ironflll) ethylxanthate, ironfll) 
isopropylxanthate, ironflll) isopropylxanthate, ironfll) butylxanthate, ironf!!!) 
butylxanthate, ironfll) benzylxanthate, and ironflll) benzylxanthate. 
30 Suitable iron P -diketonates include ironfll) acetylacetonate, ironflll) 

" aC etylacetonate,ironfll)tri fl uoroacetylacetonate,^ 

ironfll) hexafluoroacetylacetonate, ironflll) hexafluoroacetylacetonate, ironfll) 
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benzoylacetonate, iron(III) benzoylacetonate, ironGD 2,2,6,6-tetramethyl-3,5- 
heptanedionate, and iron(III) 2,2,6,6-tetramethyl-3,5-heptanedionate. 

Suitable iron alkoxides oraryloxides include iron (II) methoxide, iron (III) 
methoxide, iron(II) ethoxide, iron(III) ethoxide, iron(II) isopropoxide, iron(III) 
5 isopropoxide, iron(II) 2-ethylhexoxide, iron(III) 2-ethylhexoxide, iron(II) 
phenoxide, iron(III) phenoxide, iron(II) nonylphenoxide, iron(III) nonylphenoxide, 
iron(II) naphthoxide, and iron(III) naphthoxide. 

Suitable iron halides include iron(II) fluoride, iron(III) fluoride, iron(II) 
chloride, iron(III) chloride, iron(II) bromide, iron (III) bromide, andiron (II) iodide. 

10 Some representative examples of suitable iron pseudo-halides include iron(II) 
cyanide, iron(lll) cyanide, iron(II) cyanate, iron(III) cyanate, iron(II) thiocyanate, 
iron(III) thiocyanate, iron(H) azide, iron(III) azide, andiron(III) ferrocyanide (also 
called Prussian blue). Some representative examples of suitable iron oxyhalides 
include iron (III) oxychloride and iron (III) oxybromide. 

15 The term "organoiron compound" refers to any iron compound 

containing at least one covalent iron-carbon bond. Specific examples of 
organoiron compounds include bis(cyclopentadienyl)iron(II) (also called 
ferrocene), bis(pentamethylcyclopentadienyl)iron(II) (also called 
decamethyl ferrocene), bis(pentadienyl)iron(II), bis (2,4- 

20 dimethylpentadienyl)iron(II) , bis (allyl) dicarbonyliron (II) , 
(cyclopentadienyl)(pentadienyl)iron(II), tetra(l-norbornyl)iron(IV), 
(trimethylenemethane)tricarbonyliron(II), bis(butadiene)carbonyliron(0), 
butadienetricarbonyliron(O), and bis(cyclooctatetraene)iron(0). 

Suitable halogen-containing compounds contain one or more halide 

25 ions. Some representative examples of these halide ions include, but are not 
limited to, fluoride, chloride, bromide, and iodide. A combination of two or more 
of these halide ions can also be utilized. It is generally preferred to employ 
halogen-containing compounds that are soluble in a hydrocarbon solvent. 
Hydrocarbon-insoluble halogen-containing compounds, however, can be suspended 

30 in the oligomerization medium to form the catalytically active species, and are 
therefore also useful. 



PCT/USOO/30498 

WO 01/32724 

6 

Suitable types of halogen-containing compounds that can be utilized 
include, but are not limited to, elemental halogens, mixed halogens, hydrogen 
halides, organic halides, inorganic halides, metallic haUdes, and organometaUic 
halides. The preferred halogen-containing compounds are hydrogen halides, 
5 me talUchalides,andorganometallichalides,allofwWchcontainatleastonelabUe 

halide ion. 

Suitable elemental halogens include fluorine, chlorine, bromine, and 
iodine. Some specific examples of suitable mixed halogens include iodine 
monochloride, iodine monobromide, iodine trichloride, and iodine pentafluonde. 
10 suitablehydrogenhalidesincludehydrogenfluoride,hydrogenchlonde, 

hydrogen bromide, and hydrogen iodide. 

Suitable organic halides include t-butyl chloride, t-butyl bromides, allyl 

cWoride,allylbron*de,benz^^ 

bromo-di-phenylmethane, triphenylmethyl chloride, triphenylmethyl brormde, 
15 benzylidene chloride, benzylidene bromide, methyltrichlorosilane, 
phenyltrichlorosilane, dimethyldichlorosilane, diphenyldichlorosilane, 
trimethylchlorosilane, benzoyl chloride, benzoyl bromide, propionyl chlonde, 
propionyl bromide, methyl chloroformate, and methyl bromoformate. 

Suitable inorganic halides include phosphorus trichloride, phosphorus 
20 tribromide, phosphorus pentachloride, phosphorus oxychloride, phosphorus 
oxybromide, boron trifluoride, boron trichloride, boron tribromide, silicon 
tetra fluoride,siliconte^ 

trichloride, arsenic tribromide, arsenic triiodide, selenium tetrachloride, selenium 
tetrabromide, tellurium tetrachloride, tellurium tetrabromide, and tellurium 

25 tetraiodide. 

Suitable metallic halides include tin tetrachloride, tin tetrabromide, 
aluminum trichloride, aluminum tribromide, antimony trichloride, antimony 
pentachloride, antimony tribromide, aluminum trichloride, aluminum tribromide, 
aluminum triiodide, aluminum trifluoride, gallium trichloride, gallium tribromide, 

30 galliumtriiodide.gallium^^^ 
triiodide indiumt^^ 



WO 01/32724 

PCT/USOO/30498 

7 

tetrabromide, titanium tetraiodide, zinc dichloride, zinc dibromide, zinc diiodide, 
and zinc difluoride. 

Suitable organometallic halides include dimethylaluminum chloride, 
diethylaluminum chloride, dmiethylaluminumbroimde,diemylaluminum bromide,' 
dimethylaluminum fluoride, diethylaluminum fluoride, methylaluminum 
dichloride, emylalununummchloride, methylaluminum dibromide, ethylaluminum 
dibromide, methylaluminum difluoride, ethylaluminum difluoride, 
methylaluminum sesquichloride, ethylaluminum sesquichloride, isobutylaluminum 
sesquichloride, methylmagnesium chloride, methylmagnesium bromide, 
methylmagnesium iodide, ethylmagnesium chloride, ethylmagnesium bromide, 
butylmagnesium chloride, butylmagnesium bromide, phenylmagnesium chloride, 
phenylmagnesium bromide, benzylmagnesium chloride, trimethyltin chloride, 
trimethyltin bromide, triethyltin chloride, triethyltin bromide, di-t-butyltin 
dichloride, di-t-butyltin dibromide, dibutyltin dichloride, dibutyltin dibromide, 
tributyltin chloride, and tributyltin bromide. 

Halogen-containing iron compounds include, but are notlimited to, iron 
chlorides, iron bromides, iron iodides, and iron oxyhalides. Examples of halogen- 
containing iron compounds include iron (II) chloride, iron (III) chloride, iron (II) 
bromide, iron (III) bromide, iron (II) iodide, iron (III) oxychloride and iron (III) 
oxybromide. 

Useful hydrogen phosphite compounds are either acyclic hydrogen 
phosphites, cyclic hydrogen phosphites, or mixtures thereof. 

The acyclic hydrogen phosphites may be represented by the following 
keto-enol tautomeric structures: 
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where R 1 and R 2 , which may be the same or different, are mono-valent organic 
groups. Preferably, R 1 and R 2 are hydrocarbyl groups such as, but not limited to, 
alkyl, cycloalkyl, substituted cycloalkyl, alkenyl, cycloalkenyl, substituted 
cycloalkenyl, aryl, allyl, substituted aryl, aralkyl, alkaryl, and alkynyl groups, with 
each group preferably containing from 1 carbon atom, or the appropriate minimum 
number of carbon atoms to form these groups, up to about 20 carbon atoms. 
These hydrocarbyl groups may contain heteroatoms such as, but not limited to, 
nitrogen, oxygen, silicon, sulfur, and phosphorus atoms. The acyclic hydrogen 
phosphites exist mainly as the keto tautomer (shown on the left), with the enol 
tautomer (shown on the right) being the minor species. The equilibrium constant 
for the above-mentioned tautomeric equilibrium is dependent upon factors such as 
the temperature, the types of R 1 and R 2 groups, the type of solvent, and the like. 
Both tautomers may be associated in dimeric, trimeric or oligomeric forms by 
hydrogen bonding. Either of the two tautomers or mixtures thereof can be 
employed. 

Non-limiting examples of acyclic hydrogen phosphites are dimethyl 
hydrogen phosphite, diethyl hydrogen phosphite, dibutyl hydrogen phosphite, 
dihexyl hydrogen phosphite, dioctyl hydrogen phosphite, didecyl hydrogen 
phosphite, didodecyl hydrogen phosphite, dioctadecyl hydrogen phosphite, 
bis(2,2,2-trifluoroethyl) hydrogen phosphite, diisopropyl hydrogen phosphite, 
bis(3,3-dimethyl-2-butyl) hydrogen phosphite, bis(2,4-dimethyl-3-pentyl) hydrogen 
phosphite, di-t-butyl hydrogen phosphite, bis(2-ethylhexyl) hydrogen phosphite, 
dineopentyl hydrogen phosphite, bis(cyclopropylmethyl) hydrogen phosphite, 
bis(cyclobutylmethyl) hydrogen phosphite, bis(cyclopentylmethyl) hydrogen 
phosphite, bis(cyclohexylmethyl) hydrogen phosphite, dicyclobutyl hydrogen 
phosphite, dicyclopentyl hydrogen phosphite, dicyclohexyl hydrogen phosphite, 
dimethyl hydrogen phosphite, diphenyl hydrogen phosphite, dinaphthyl hydrogen 
phosphite, dibenzyl hydrogen phosphite, bis(l-naphthylmethyl) hydrogen 
phosphite, diallyl hydrogen phosphite, dimethallyl hydrogen phosphite, dicrotyl 
hydrogen phosphite, ethyl butyl hydrogen phosphite, methyl hexyl hydrogen 
phosphite, methyl neopentyl hydrogen phosphite, methyl phenyl hydrogen 
phosphite, methyl cyclohexyl hydrogen phosphite, methyl benzyl hydrogen 
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phosphite, and the like. Mixtures of the above dihydrocarbyl hydrogen phosphites 
may also be utilized. 

Cyclic hydrogen phosphites contain a divalent organic group that bridges 
between the two oxygen atoms that are singly-bonded to the phosphorus atom. 
These cyclic hydrogen phosphites may be represented by the following keto-enol 
tautomeric structures: 




where R3 is a divalent organic group. Preferably, R 3 is a hydrocarbylene group 

15 such as, but not limited to, alkylene, cycloalkylene, substituted alkylene, 
substituted cycloalkylene, alkenylene, cycloalkenylene, substituted alkenylene, 
substituted cycloalkenylene, arylene, and substituted arylene groups, with each 
group preferably containing from 1 carbon atom, or the appropriate minimum 
number of carbon atoms to form these groups, up to about 20 carbon atoms. 

20 These hydrocarbylene groups may contain heteroatoms such as, but not limited to, 
oxygen, sulfur, nitrogen, silicon, and phosphorous atoms. The cyclic hydrogen 
phosphites exist mainly as the keto tautomer (shown on the left), with the enol 
tautomer (shown on the right) being the minor species. The equilibrium constant 
for the above-mentioned tautomeric equilibrium is dependent upon factors such as 

25 the temperature, the types of R3 group, the type of solvent, and the like. Both 
tautomers may be associated in dimeric, trimeric or oligomeric forms by hydrogen 
bonding. Either of the two tautomers or mixtures thereof can be used. 

The cyclic hydrogen phosphites may be synthesized by the 
transesterification reaction of an acyclic dihydrocarbyl hydrogen phosphite (usually 

30 dimethyl hydrogen phosphite or diethyl hydrogen phosphite) with an alkylene diol 
or an arylene diol. Procedures for this transesterification reaction are well known 
to those skilled in the art. Typically, the transesterification reaction is carried out 
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by heating a mixture of an acydic dihydrocarbyl hydrogen phosphite and an 
alkylenedioloranarylenediol.Subsequen.distilUdonoffteside-productaleohol 

(usually methanol or ethanol) that results from the transesterificadon reacnon 
leaves the new-made cyclic hydrogen phosphire. 

Suitable cyclic alkylene hydrogen phosphites are 2-oxo.f2H)-5-butyl-5. 
ethyl.l,3,2-dioxaphosphorinane, 2-o X o-(2H)-5,5-dimethyl-l,3 ,2- 

, 3 2<Uoxaphosphorinane,2.oxo.C2H)-S^^ 

1 3 2-dioxaphosphorinane, 2-oxo.(2H)-4-isopro Py l-5,5-d.merhyl-l ^ 
aoxaphosphorinane.^xo-CH^me^ 

(2H)-4.propyl-5-erhyl- 1 ,3,2-dioxaphosphorinane, ^W+nvW-V* 

4,4,5,5,e t ramethyl-l,3,2.dioxaphospholane, and the like. Mixtures of the above 

i cyclic alkylene hydrogen phosphites may also be utilized. 

Sui t ab.ec y clicarylenehydrogenphosphi t esare2-oxo.(2H,.4,5-benxo- 

1 ,3,2-dioxaphospho.ane, 2-oxo-(2H ) -4 > 5.(3-me t hy.benzo). 1 ,3,2- 
di0 xa P ho S pholane,2-oxo.(2H>-4,5. ( «^ 

oxo-(2H)-4,5-(4.ter t .hutylbenzo)-l,3,2.dioxapho S pholane, 2-oxo-(2H)-4 5- 

t u i .„a ,h. like Mixtures of the above cyclic 
0 naphthalo-l,3,2-dioxaphospholane, and the hke. Mixture 

arylene hydrogen phosphites may also be utilized. 

various organoaluminum compounds can be utilized. The term 
^anoaluminum compound" refers ro any aiuminum compound containing at 
ieastonecovaienraluiumum-carbonbond. Organoaluminum compounds that are 

•5 soluble in a hydrocarbon solvenr are preferred. 

Apreferredclassoforganoaluminnmcompoundsarerepresentedbythe 

8 e„era, formula AlR^-n, where each R, which may be the same or different, ,s 
mono-valeot organic group, where n is an integer of i to 3, and where each X 
which may be the same or different, is selected from a hydrogen atom, a halog n 
30 Ilaclxyiamgzoup.analkoxidegzonp.oranaty.oxidegroup. Prefcra* 
each R is a hydrocarhyl group such as, bur no. limited ro, alky., 
substituted cydoalkyl. alkenyl, cycloaikenyl, substituted cycloalkenyl, aryl, allyl, 
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substituted aryl, aralkyl, alkaiyl, and alkynyl groups, with each group preferably 
containing from 1 carbon atom, or the appropriate minimum number of carbon 
atoms to form these groups, up to about 20 carbon atoms. Also, these hydrocarbyl 
groups may contain heteroatoms such as oxygen, sulfur, nitrogen, silicon, and 
phosphorous atoms. Preferably, each X is a carboxylate group, an alkoxide group, 
or an aryloxide group, with each group preferably containing from 1 carbon atom, 
or the appropriate minimum number of carbon atoms to form these groups, up to 
about 20 carbon atoms . 

Suitable types of organoaluminum compounds include, but are not 
limited to, trihydrocarbylaluminum, dihydrocarbylaluminum hydride, 
hydrocarbylaluminum dihydride, dihydrocarbylaluminum halide, 
hydrocarbylaluminum dihalide, dihydrocarbylaluminum carboxylate, 
hydrocarbylaluminum bis(carboxylate) , dihydrocarbylaluminum alkoxide, 
hydrocarbylaluminum dialkoxide, dihydrocarbylaluminum aryloxide, 
hydrocarbylaluminum diaryloxide, and the like, and mixtures thereof. 
Trihydrocarbylaluminum compounds are generally preferred. 

Examples of organoaluminum compounds include trimethylaluminum, 
triethylaluminum, triisobutylaluminum, tri-n-propylaluminum, 
triisopropylaluminum, tri-n-hexylaluminum, tri-n-octylaluminum, 
tricyclohexylaluminum, triphenylaluminum, tri-p-tolylaluminum, 
tribenzylaluminum, diethylphenylaluminum, diethyl-p-tolylaluminum, 
diethylbenzylaluminum, ethyldiphenylaluminum, ethyldi-p-tolylaluminum, 
ethyldibenzylaluminum, diethylaluminum hydride, di-n-propylaluminum hydride, 
diisopropylaluminum hydride, di-n-butylaluminum hydride, diisobutylaluminum 
hydride, di-n-octylaluminum hydride, diphenylaluminum hydride, di-p- 
tolylaluminum hydride, dibenzylaluminum hydride, phenylethylaluminum hydride, 
phenyl-n-propylaluminum hydride, phenylisopropylaluminum hydride, phenyl-n- 
butylaluminum hydride, phenylisobutylaluminum hydride, phenyl-n- 
octylaluminum hydride, p-tolylethylaluminum hydride, p-tolyl-n-propylaluminum 
hydride, p-tolylisopropylaluminum hydride, p-tolyl-n-butylaluminum hydride, p- 
tolylisobutylaluminum hydride, p-tolyl-n-octylaluminum hydride, 
benzylethylaluminum hydride, benzyl-n-propylaluminum hydride, 
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benzyHsopropytatumfnum hydride, benzyt-n-burytafumfnum hydride, 
bemtytfsobutyWuminum hydride, and benzyl*-octylafumfnum hydnde, 
erhylaluminum dihydride, n-propyfatanmum dihydride, isopropylaluminum 
dihydride, n-butylaluminum dihydride, fsobutyfaiumfnum dihydnde, 
^ctylafuminumahydride.mmemyW^^ 

dimerhyialuminum bromide, diethylaluminum bromide, dimechylaluminum 
fluoride, diethylaluminum fluoride, merhylalumfnnm dichloride, erhyfaluminum 
uichlorlde, methylaluminum dibromide, erhyfaluminum dibromtde, 
m e*ylaluminum dffluoride, ethylaluminum dffluoride, methylalununum 
sesquichforide, erhylaluminum sesquichforide, i*,buty>aluminum sesqufchfonde, 
dimerhyialuminum hexanoare, diethyfaluminum ocroare, dhsobutytaluminum 
2-ethyihexanoate, dimethyfalumfnum neodecanoare, diethylaluminum stearate, 
dffsoburytatuminum oleate, methylafumfnum bisfhexanoace), erirylaluminum 
bfs(octoate), isobutyfafuminnm bisC2-e,hylhexa„oate), methylalummum 
S bWneodecanoare), ethylaluminum bisistearate), isobutylalumfnum bis(oleate), 
d^ylalummumme.hoxide.die^^ 

methoxide, dimethylaluminum ethoxide, diedrylaluminum ethoxrde, 
dffsobutylaluminum erhoxfde, dimethylaluminum phenoxlde, diethyfaluminum 
phenoxide, dfisobutylaluminum phenoxfde, methyfataminum dimerhoxrde, 

0 erhylalumtnum dimethoxfde, isobutyfafuminum dimethoxfde, merhyfafuminum 
diethoxide, ethylaluminum diethoxfde, isobutylalumfnum diethoxrde, 
m ethy.aluminum dfphenoxide, ethylafuminum diphenoxfde, isobutylatuminnm 
diphenoxide, and the like, and mixtures thereof. 

Another class of organoaluminum compounds rhar can be unbzed ,s 

25 afuminoxane, Afuminoxane, comprise oligomer* linear afumfnoxanes that can 
be represented by the general formula: 



/ D4 x 



30 ^ 4 R4 x R4 
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md oligomer* cyclic atuminoxanes tha, can be represented by the genera, 
formula: 



10 



15 



20 



25 



\ 

R4 



30 



where x is an integer of 1 ro about 100, preferably about 10 to about 50; y is an 

" th same or different, is a mono-valent organic group. Preferabiy, each R< . 
r TyZ«* group such as, bur nor iimited ,0, afcyi, cycloaM, — 
iZw, ieny., cycloaiKenyi, subshtuted cycloaKe-yl, aryl, aUy subsurute 
Z> lw, and aiiryny, groups, with each group preferabiy coning 

^acalnatonr.orrheappropriarenuninunnnumber of carbon atomstofonn 
Lgroups.uptoabout^carb.natonrs.Thesehydrocarbyigronpsnraycontan 

ULL sucb as oxygen, suifur, nitrogen, siiicon, and phosphor acorns^ 
should be noted that the number of mole, of .be aluminoxane as used » das 

nlber of nroies of the oHgotneric aluminoxane ntoiecuies. This convennon , 
commonly employed in the art. 

AiuLnoxanes can be prepared by reacting rribydrocarbylalununun, 
compounds wirh ware, This reacdon can be performed according ro known 
m JU such as (« a method in which the rdhydrocarbylaluminum compound 
" Li ed in an organic solvent and then contacted with water, (2, a method m 
JL the rrihydrocarbylaluminum compound is reacted wtth water 

, i« calrs or water absorbed m 

crystallization contained in, for example, metal salts, 

y i a cx\ q method in which the 

inorganic or organic compounds, and (3) a metnod 
inorganic s nmnftlin d is added to the monomer or monomer solution 

trihydrocarbylalummum compound is anaea to rnc 

that is to be oligomerized, and then water is added. 

Examples of aluminoxane compounds include methylalummoxane 
(MAO), modified methylaluminoxane (MMAO) , ethylaluminoxane, 
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butylaluminoxane, isobutylaluminoxane, and the like, and mixtures thereof. 
Isobutylaluminoxane is particularly useful because of its availability and its 
solubility in aliphatic and cycloaliphatic hydrocarbon solvents. Modified 
memylaluminoxane can be formed by substituting about 20-80% of the methyl 
groups of methylaluminoxane with C 2 to C 22 hydrocarbyl groups, preferably with 
isobutyl groups, by using techniques known to those skilled in the art. 

The catalyst composition of the present invention has very high catalytic 
activity for oligomerizing conjugated dienes over a wide range of total catalyst 
concentrations and catalyst ingredient ratios. The oligomerization products having 
the most desirable properties, however, are obtained within a narrower range of 
total catalyst concentrations and catalyst ingredient ratios. Further, it is believed 
that the catalyst ingredients (a), (b), and (c) may interact to form an active catalyst 
species. Accordingly, the optimum concentration for any one catalyst ingredient 
is dependent upon the concentration of the other catalyst ingredients. 

Regardless of whether a halogen-containing iron compound or an iron- 
containing compound that does not include a halogen atom is used, the molar ratio 
of the hydrogen phosphite to the iron-containing compound (P/Fe) can be varied 
fromabout0.5:l to about 50:1, more preferably from about 1 : 1 to about 25:1, and 
even more preferably from about 2:1 to about 10:1. Where a halogen-containing 
compound is used in conjunction with an iron-containing compound, the molar 
ratio of the halogen-containing compound to the iron-containing compound 
(halogen/Fe) can be varied from about 0.5:1 to about 20:1, more preferably from 
about 1:1 to about 10:1, and even more preferably from about 2:1 to about 6:1. 
The molar ratio of the organoaluminum compound to the iron-containing 
compound (Al/Fe) can be varied from about 1:1 to about 100:1, more preferably 
from about 3:1 to about 50:1, and even more preferably from about 5:1 to about 
25:1. 

The catalyst composition is formed by combining the catalyst ingredients 
(a), (b), and (c). Although an active catalyst species is believed to result from this 
combination, the degree of interaction or reaction between the various ingredients 
or components is not known with any great degree of certainty. Therefore, the 
term "catalyst composition" has been employed to encompass a simple mixture of 
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nw of the ingredients that is caused by physical or chemical 

meth0dS: Hnn mav be formed in situ by adding the 

First the catalyst composition may oe rami 

— 8no r: 

no, cnercal. Preferably, ha l„ |en <onrammg 

to the monomer solution. presence of 

Third the catalyst composition may be pre-formed mm P 

is generally from about -20 C to about 

500 moles per mole of the iron-containing ^J^J^ The 
homabout 4 toabout50mo^ 
25 resulting catalyst composition is then added to the rema 

istobeoligomerized. two-stage 
Fourth the catalyst composition can be formed by using 

, «ta g einvo^^^ 
procedure. THe first stage! ^ rf ^ conjugated 

organoa—compound^ 
30 diene monomer at an appropriate temper ^ 
u , an °C In the second stage, the foregoing ic 
°C to about 80 C. in me hvdrogen phosphite are charged 

halogen-containing compound, if used, and the hydrogen p 
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in either a stepwise or simultaneous manner to the remainder of the monomer that 
is to be oligomerized. 

Fifth, an alternative two-stage procedure may be employed. An 
iron-ligand complex is first formed by pre-combining the iron-containing 
5 compound and the hydrogen phosphite compound. Once formed, this iron-ligand 
complex is then combined with the halogen-containing compound, if used, and the 
organoaluminum compound to form the active catalyst species. The iron-ligand 
complex can be formed separately or in the presence of conjugated diene monomer 
that is to be oligomerized. This complexation reaction can be conducted at any 

10 convenient temperature at normal pressure, but for an increased rate of reaction, 
it is preferred to perform this reaction at room temperature or above. The time 
required for the formation of the iron-ligand complex is usually within the range 
of about 10 minutes to about 2 hours after mixing the iron-containing compound 
with the hydrogen phosphite compound. The temperature and time used for the 

15 formation of the iron-ligand complex will depend upon several variables including 
the particular starting materials and the solvent employed. Once formed, the 
iron-ligand complex can be used without isolation from the complexation reaction 
mixture. If desired, however, the iron-ligand complex may be isolated from the 
complexation reaction mixture before use. 

20 When a solution of the catalyst composition or one or more of the 

catalyst ingredients is prepared outside the oligomerization system as set forth in 
the foregoing methods, an organic solvent or carrier is preferably employed. Useful 
solvents include hydrocarbon solvents such as aromatic hydrocarbons, aliphatic 
hydrocarbons, and cycloaliphatic hydrocarbons. Non-limiting examples of 

25 aromatic hydrocarbon solvents include benzene, toluene, xylenes, ethylbenzene, 
diethylbenzene, mesitylene, and the like. Non-limiting examples of aliphatic 
hydrocarbon solvents include n-pentane, n-hexane, n-heptane, n-octane, n-nonane, 
n-decane, isopentane, isohexanes, isopentanes, isooctanes, 2,2-dimethylbutane, 
petroleum ether, kerosene, petroleum spirits, and the like. And, non-limiting 

30 examples of cycloaliphatic hydrocarbon solvents include cyclopentane, 
cyclohexane, methylcyclopentane, methylcyclohexane, and the like. Commercial 
mixtures of the above hydrocarbons may also be used. For environmental reasons, 
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aliphatic and cycloaliphatic solvents are highly preferred. The foregoing organic 
solvents may serve to dissolve the catalyst ingredients or composition, or the 
solvent may simply serve as a carrier in which the catalyst ingredients or 
composition may be suspended. 

5 The catalyst composition exhibits very high catalytic activity for the 

oligomerization of conjugated dienes. Hence, the present invention further 
provides a process for producing conjugated diene oligomers by using the catalyst 
composition of this invention. Some specific examples of suitable conjugated diene 
monomers that can be oligomerized by means of the catalyst composition of the 

10 present invention include 1,3-butadiene, isoprene, 2,3-dimethyl-l,3-butadiene, 

2- ethyl-l,3-butadiene, 1,3-pentadiene, 2-methyl-l,3-pentadiene, 

3- methyl-l,3-pentadiene, 4-methyl- 1,3-pentadiene, 2,4-hexadiene. The most 
preferred monomers are 1,3-butadiene and isoprene. Mixtures of the above 
conjugated diene monomers may also be utilized in co-oligomerization. There are 

15 available a variety of methods for bringing the ingredients of the catalyst 
composition into contact with conjugated diene monomers. 

The production of conjugated diene oligomers is accomplished by 
oligomerizing conjugated diene monomers in the presence of a catalytically 
effective amount of the foregoing catalyst composition. The total catalyst 

20 concentration to be employed in the oligomerization mass depends on the interplay 
of various factors such as the purity of the ingredients, the oligomerization rate and 
conversion desired, the oligomerization temperature, and many other factors. 
Accordingly, specific total catalyst concentrations cannot be definitively set forth 
except to say that catalytically effective amounts of the respective catalyst 

25 ingredients should be used. Generally, the amount of the iron-containing 
compound used can be varied from about 0.01 to about 2 mmol per 100 g of the 
conjugated diene monomer, with a more preferred range being from about 0.02 
to about 1.0 mmol per 100 g of the conjugated diene monomer, and a most 
preferred range being from about 0.05 to about 0.5 mmol per 100 g of the 

30 conjugated diene monomer. 

The oligomerization of conjugated dienes is preferably carried out in an 
organic solvent as the diluent. That is, an amount of the organic solvent in 
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addition to the organic solvent that may be used in preparing the catalyst 
composition is added to the oligomerization system. The additional organic solvent 
may be either the same as or different from the organic solvent contained in the 
catalyst solutions. Desirably, an organic solvent that is inert with respect to the 
5 catalyst composition employed to catalyze the oligomerization reaction is selected. 
Exemplary organic solvents, such as hydrocarbons, are set forth above. 

The concentration of the conjugated diene monomer to be oligomerized 
is not limited to a special range. Generally, however, it is preferred that the 
concentration of the conjugated diene in the oligomerization medium at the 
10 beginning of the oligomerization be in a range of from about 3% to about 80% by 
weight, more preferably from about 5% to about 50% by weight, and even more 
preferably from about 10% to about 30% by weight. 

The oligomerization of conjugated dienes may also be carried out by 
means of bulk oligomerization, which refers to a reaction environment where no 
15 solvents are employed. Bulk oligomerization can be conducted either in a 
condensed liquid phase or in a gas phase. 

The oligomerization of conjugated dienes may be carried out as a batch 
process, continuous process, or even semi-continuous process. In the 
semi-continuous process, conjugated diene monomer is intermittently charged as 
needed to replace that monomer already oligomerized. In any case, the 
oligomerization is desirably conducted under anaerobic conditions by using an 
inert protective gas such as nitrogen, argon, or helium, with moderate to vigorous 
agitation. The oligomerization temperature employed in the practice of this 
invention may vary widely from a low temperature, such as -10 °C or below, to a 
25 high temperature such as 100 °C or above, with a preferred temperature range 
being from about 20 °C to about 90 °C. In general, elevated temperatures are 
undesirable due to thermal polymerization of the oligomers. The heat of 
oligomerization may be removed by external cooling, cooling by evaporation of the 
conjugated diene monomer or the solvent, or a combination of the two methods. 
30 Although the pressure employed in the practice of this invention also may vary 
widely, a preferred pressure range is from about 1 atmosphere to about 10 
atmospheres. 



20 
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The reaction time for the oligomerization process of this invention can 
vary widely but will generally be from a few minutes, e.g., 5 minutes, to a few 
hours, e.g., 4 hours, depending upon factors such as the type of conjugated diene, 
the temperature, the catalyst concentration, the catalyst ingredient ratio, and the 
conversion desired. In general, due to the very high catalytic activity of the catalyst 
composition of this invention, the reaction time is quite short even with the use of 
very low catalyst levels. Therefore, high conversion and high productivity in terms 
of pounds of product per pound of catalyst per hour are realized. Furthermore, 
since the catalyst composition of this invention is highly active even at low 
temperatures, the oligomerization of conjugated dienes may be carried out under 
very mild temperature conditions, thereby minimizing the formation of undesirable 
by-products. 

Once a desired conversion is achieved, the oligomerization reaction can 
be stopped by the addition of a terminator that inactivates the catalyst. Typically, 
the terminator employed is a protic compound, which includes, but is not limited 
to, an alcohol, a carboxylic acid, an inorganic acid, water, or a combination 
thereof. A stabilizer such as 2,6-di-tert-butyl-4-methylphenol may be added along 
with, before, or after addition of the terminator. The amount of the stabilizer 
employed is usually in the range of 0.01% to 0.1% by weight of the oligomerization 
product. When the oligomerization reaction has been stopped, the products can 
be recovered from the reaction mixture by conventional techniques such as 
fractional distillation and preparative chromatography, which are well known to 
those skilled in the art. 

In order to demonstrate the practice of the present invention, the 
following examples have been prepared and tested. The examples should not, 
however, be viewed as limiting the scope of the invention. The claims will serve 
to define the invention. 

EXAMPLES 
Example 1 

An oven-dried 1 -liter glass bottle was capped with a self-sealing rubber 
liner and a perforated metal cap, and then purged with a stream of dry nitrogen. 
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The bottle was charged with 68 g of hexanes and 182 g of a 1,3-butadiene/hexanes 
blend containing 27.5% by weight of 1,3-butadiene. The following catalyst 
ingredients were added to the bottle in the following order: (1) 0.050 mmol of 
iron(IIl) 2-ethylhexanoate, (2) 0.20 mmol of bis(2-ethylhexyl) hydrogen phosphite, 
(3) 0 15 mmol of diisobutylaluminum chloride, and (4) 0.70 mmol of 
triisobutylaluminum. The oligomerization of 1,3-butadiene started immediately 
as indicated by the rise in temperature of the reaction mixture. The bottle was 
immediately placed in a water bath maintained at room temperature. After 2 
hours, theoligomerizationwasterminatedbyadditionoflmLofisopropanol. The 

analysis of the resulting oligomerization mixture by using gas 
chromatography/mass spectrometry (GC/MS) indicated that 100% of the 
1 3-butadiene monomer used was converted, resulting in the following product 
distribution: 5-methyl-l,3,6-heptatriene (87.9%), 1,3,6-octariene (11.9%), and 
4-vinyl-l-cyclohexene (0.2%). These results show that at mild temperature 
conditions, 1,3-butadiene can be converted quantitatively to mostly the two acyclic 
dimers with a selectivity of 99.8% by utilizing the catalyst composition of the 
present invention. 

Kvam ples 2-5 

in Examples 2-5, the procedure in Example 1 was repeated except that 
thecatalystingredientratiowasvariedasshowninTablel. The monomer charge, 
the amounts of the catalyst ingredients, and the oligomerization product 
distributions are summarized in Table I. 
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Pvamples 6-10 

ta Examples 6-10, the procedure described to Exampto 1 s»as repeated 
except that a cychc hydrogen phosphim compound, U. 
^■dtolphosphorinane, was fritted tor bis(2 « h y . 0g e 
hlhit andtheca.alysttogredtontradowasvariedasshown.nTah.e.1. The 

product distributions are summarized in Table II. 
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Example 1 1 

Inside a glovebox operated under an argon atmosphere, 284 mg (2.24 
mmol) of anhydrous iron(II) chloride powder was chargedinto an oven-dried 7-oz. 
glass botde. The botde was capped with a self-sealing rubber liner and a 
perforated metal cap, and then it was removed from the glovebox. Bis(2- 
ethylhexyl) hydrogen phosphite (2.83 g, 9.24 mmol) and 40.8 mL of hexanes were 
charged into the botde. The botde was tumbled for 1 hour in a water bath 
maintained at 65 °C, resulting in the complete dissolution of the iron(II) chloride 
solid and the formation of a homogeneous pale-yellow solution containing the 
complex of ironOD chloride with the bis(2-ethylhexyl) hydrogen phosphite. The 
concentration of the iron-ligand complex in the solution was calculated to be 
0.0510 mmol per mL. 



15 



20 



25 



30 



Example 1 2 

An oven-dried 1-liter glass botde was capped with a self-sealing rubber 
liner and a perforated metal cap, and then it was purged with a stream of dry 
nitrogen. The botde was charged with 72 g of hexanes and 178 g of a 
1,3-butadiene/hexanes blend containing 28.1% of 1,3-butadiene. 0.70 mmol of 
triisobutylaluminum and 0.98 mL of the iron-ligand complex solution (0.050 mmol 
Fe) prepared in Example 1 were then charged into the botde. The oligomerization 
of 1,3-butadiene started immediately as indicated by the rise in temperature of the 
reaction mixture. The botde was immediately placed in a water bath maintained 
at room temperature. After 2 hours, the oligomerization was terminated by the 
addition of 1 mL of isopropanol. The analysis of the resultant oligomerization 
mixture by gas chromatography/mass spectrometry (GC/MS) indicated that99.7% 
of the 1,3-butadiene monomer used was converted, resulting in the following 
product composition: 5-methyl-l,3,6-heptatriene (83.0%), 1,3,6-octariene 
(H.Oo/o), 4-vinyl-l-cyclohexene (0.3%), and various trimers of 1,3-butadiene 
(5.7%). These data show that at mild temperature conditions the 1,3-butadiene 
can be converted substantially quantitatively to mosdy the two acyclic dimers with 
a selectivity of 94% by utilizing the catalyst composition and the process of the 
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present invention. As an aside, and for purposes of this specification, percentages 
(%) refer to weight percent unless otherwise indicated. 

Ryample 13 

5 Inside a glovebox operated under an argon atmosphere, 364 mg (2.24 

mmol) of anhydrous iron(III) chloride powder was charged into an oven-dried 7- 
oz glass bottle. The bottle was capped with a self-sealing rubber liner and a 
perforated metal cap, and then it was removed from the glovebox. B 1S (2- 
ethylhexyl)hydrogenphosphite(2.83g ) 9.24mmol)and38.3mL 0 fhexaneswere 

10 charged into the botde. The botde was shaken at room temperature for 20 
rmnutes,resultinginthecompletedissolutionoftheiron(III)chloride S olidandthe 

formation of a homogeneous yellow solution containing the complex of iron(III) 
chloride with thebis(2-ethylhexyl)hydro g en P hosphiteligand. The concentraaon 

of the iron-ligand complex in the solution was calculated to be 0.0539 mmol per 



15 mL. 
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Ryam ple 14 

An oven-dried 1-liter glass bottle was capped with a self-sealing rubber 
liner and a perforated metal cap, and then it was purged with a stream of dry 
nitrogen. The bottle was charged with 72 g of hexanes and 178 g of a 
1 3-butadiene/hexanes blend containing 28.1% of 1,3-butadiene. 0.70 mmol of 
triisobutylaluminumand0.93mLofthe iron-ligand complex solution (0.050 mmol 
Fe) prepared in ExampleSwere then chargedinto the bottle. The oligomerizaaon 
of 1 3-butadiene started immediately as indicated by the rise in temperature of the 
reaction mixture. The botde was immediately placed in a water bath maintained 
at room temperature. After 2 hours, the oligomerization was terrmnated by 
addition of 1 mL of isopropanol. The analysis of the resultant oligomenzaaon 
mixtureby gas chromatography/mass spectrometry (GC/MS) indicated that99.6% 
of the 1 3-butadiene monomer used was converted, resulting in the following 
product' composition: 5-methyl-l,3,6-he P tatriene (83.5%), 1,3,6-octariene 
(ll.io/o), 4-vinyl-l-cyclohexene (0.3%), and various trimers of 1,3-butadiene 
(5.0%). 
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Example 15 

Inside a glovebox operated under an argon atmosphere, 484 mg (2.24 
mmol)ofanhydrou S iron(II)bromidepowderwaschargedintoanoven-dried7-o Z . 

glass botde. The botde was capped with a self-sealing rubber liner and a 
5 perforated metal cap, and then it was removed from the glovebox. Bb(2- 
ethylhexyDhydrogenphosphite(2.84 g ,9.27mmol)and40.1mLofhexaneswere 

charged into the botde. The bottle was tumbled for 1 hour in a water bath 
maintained at 65 °C, resulting in the complete dissolution of the iron(II) bromide 
solid and the formation of a homogeneous orange solution containing the complex 
10 of iron(II) bromide with the bis(2-ethylhexyl) hydrogen phosphite ligand. The 
concentration of the iron-ligand complex in the solution was calculated to be 
0.0519 mmol per mL. 

Exam ple 16 

15 An oven-dried 1-liter glass botde was capped with a self-sealing rubber 

liner and a perforated metal cap, and then it was purged with a stream of dry 
nitrogen The botde was charged with 69 g of hexanes and 181 g of a 
1 3-butadiene/hexanes blend containing 27.6% of 1,3-butadiene. 0.70 mmol of 
triisobutylaluminum and 0.96 mLofthe iron-ligand complex solution (0.050 mmol 

20 F e)preparedinExample5werethenchargedintothebotde. The oligomerizanon 
of 1 3-butadiene started immediately as indicated by the rise in temperature of the 
reaction mixture. The botde was immediately placed in a water bath maintained 
at room temperature. After 2 hours, the oligomerization was terminated by 
addition of 1 mL of isopropanol. The analysis of the resultant oligomerizauon 
25 mixmrebygaschxomatography/massspectrometry(GC/MS)indlcatedthat99.6o/o 

of the 1 3-butadiene monomer used was converted, resulting in the following 
productcomposition: 5-methyl-l,3,6-heptatriene (87.9%), 1,3,6-octariene (7.7%), 
4-vinyl-l-cyclohexene (0.3%), and various trimers of 1,3-butadiene (4.1%). 



30 



Exam ple 17 

Inside a glovebox operated under an argon atmosphere, 663 mg (2.24 
mmol) of anhydrous iron(III) bromide powder was charged into an oven-dried 7- 
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oz glass bottle. The bottle was capped with a self-sealing rubber liner and a 
perforated metal cap, and then it was removed from the glovebox. Bis(2- 
ethylhexyl) hydrogen phosphite (2.86 g, 9.33 mmol) and 38.8 mL of hexanes were 
charged into the botde. The botde was shaken at room temperature for 20 
rninutes,resuMngm m ecompletedissoludonoftheiron(ra)bronndesoUdandthe 

formation of a homogeneous dark-red solution containing the complex of iron(III) 
bromid e withthebis(2-ethylhexyl)hydrogenpho S phiteligand.Theconcentra tl on 

of the iron-ligand complex in the solution was calculated to be 0.0535 mmol per 

mL. 

Rvam ple 18 

An oven-dried 1-liter glass bottle was capped with a self-sealing rubber 
liner and a perforated metal cap, and then it was purged with a stream of dry 
nitrogen The botde was charged with 72 g of hexanes and 178 g of a 
1 3-butadiene/hexanes blend containing 28.1% of 1,3-butadiene. 0.70 mmol of 
misobutylalunnnumand0.98mLoftheiron-ligandcomplexsolution(0.050mmol 

Fe) prepared in Example 7 were charged into the botde. The oligomerization of 
1 3-butadiene started immediately as indicated by the rise in temperature of the 
reaction mixture. The botde was immediately placed in a water bath maintained 
at room temperature. After 2 hours, the oligomerization was terminated by 
addition of 1 mL of isopropanol. The analysis of the resultant oligomerization 
nuxtureb y ga S chromatography/massspectrometry(GC/MS)indicatedmat99.3o/c 

of the 1 3-butadiene monomer used was converted, resulting in the following 
productcomposition: 5-methyl-l,3,6-heptatriene (88.30/0), 1,3,6-octariene (8.40/0), 
4-vinyl-l-cyclohexene (0.2%), and various trimers of 1,3-butadiene (3. 2 o/o). 

F.yam ple 19 

inside a glovebox operated under an argon atmosphere, 433 mg (2.67 
mmol) of anhydrous iron(III) chloride powder was charged into an oven-dried 7- 
oz glass botde. The botde was capped with a self-sealing rubber liner and a 
perforated metal cap, and then it was removed from the glovebox. 2-oxo-(2H)-5- 
butyl-5-ethyl-l,3,2-dioxaphosphorinane (2.20 g, 10.67 mmol) and 42.4 mL of 
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toluene were charged into the bottle. The bottle was shaken at room temperature 
for 15 minutes, resulting in the complete dissolution of the iron(III) chloride solid 
and the formation of a homogeneous pale-yellow solution containing the complex 
of ™(III)cWoridewi±^^ 

Lgand. The concentration of the iron-ligand complex in the solution was 
calculated to be 0.0600 mmol per mL. 
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Example 20 

An oven-dried Miter glass bottle was capped with a self-sealing rubber 
liner and a perforated metal cap, and then it was purged with a stream of dry 
nitrogen. The bottle was charged with 72 g of hexanes and 178 g of a 
1,3-butadiene/hexanes blend containing 28.1% of 1,3-butadiene. 0.70 mmol of 

triisobutylaluminumand0.98mLofmeiron-ligandcomplexsolution(0.050nimol 
Fe) prepared in Example 9 were charged into the bottle. The oligomerization of 
1,3-butadiene started immediately as indicated by the rise in temperature of the 
reaction mixture. The bottle was immediately placed in a water bath maintained 
at room temperature. After 5 hours, the oligomerization was terminated by 
addition of 1 mL of isopropanol. The analysis of the resultant oligomerization 
mixture by gas chromatography/mass spectrometry (GC/MS) indicated that 99 0% 
of the 1,3-butadiene monomer used was converted, resulting in the following 
product composition: 5-methyl-l,3,6-heptatriene (72.2%), 1,3,6-octariene 
(22.70/c), 4-vinyl-l- C yclohexene (0.5%), and various trimers of 1,3-butadiene 
(4.6%). 

Example 21 

Inside a glovebox operated under an argon atmosphere, 788 mg (2 67 
mmol) of anhydrous iron(III) bromide powder was charged into an oven-dried 7- 
oz. glass bottle. The bottle was capped with a self-sealing rubber liner and a 
perforated metal cap, and then it was removed from the glovebox. 2-oxo-(2H)-5 
butyl-5-ethyl-l,3,2-dioxaphosphorinane (2.20 g, 10.67 mmol) and 39 4 mL of 
toluene were charged into the botde. The bottle was shaken at room temperature 
for 20 minutes, resulting in the complete dissolution of the iron(III) bromide solid 
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and the formation of a homogeneous pale-yellow solution containing the compL 

ofhonaiI)bromidewiththe2-oxo-(2H)-5-butyl-5-emyl-l J 3,2-dio X aphosph 
ligand. The concentration of the iron-ligand complex in the solution 
calculated to be 0.0644 mmol per mL. 
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Example 22 

An oven-dried 1-liter glass botde was capped with a self-sealing rubber 
liner and a perforated metal cap, and then it was purged with a stream of dry 
nitrogen. The botde was charged with 72 g of hexanes and 178 g of a 
1,3-butadiene/hexanes blend containing 28.1% of 1,3-butadiene. 0.70 mmol of 
triisobutylaluminum and 0.98 mL of the iron-ligand complex solution (0.050 mmol 
Fe) prepared in Example 11 were charged into the bottle. The oligomerization of 
1,3-butadiene started immediately as indicated by the rise in temperature of the 
reaction mixture. The botde was immediately placed in a water bath maintained 
at room temperature. After 5 hours, the oligomerization was terminated by 
addition of 1 mL of isopropanol. The analysis of the resultant oligomerization 
mixture by gas chromatography/mass spectrometry (GC/MS) indicated that 99.7% 
of the 1,3-butadiene monomer used was converted, resulting in the following 
product composition: 5-methyl-l,3,6-heptatriene (77.7%), 1,3,6-octariene 
(16.60/0), 4-vinyl-l-cyclohexene (0.4%), and various trimers of 1,3-butadiene 
(5.2%). 

Various modifications and alterations that do not depart from the scope 
and spirit of this invention will become apparent to those skilled in the art. This 
invention is not to be duly limited to the illustrative embodiments set forth herein. 
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CLAIMS 

What is claimed is: 

1 . A catalyst composition that is the combination of or the reaction product of 
ingredients comprising: 

(a) (i) an iron compound and a halogen-containing compound or 
(ii) a halogen-containing iron compound; 

(b) a hydrogen phosphite; and 

(c) an organoaluminum compound. 



2. A catalyst composition formed by a process comprising the step of 
combining: 

(a) (i) an iron compound and a halogen-containing compound or 
(ii) a halogen-containing iron compound; 

(b) a hydrogen phosphite; and 

(c) an organoaluminum compound. 

3. A process for forming conjugated diene oligomers comprising the step of: 

oligomerizing conjugated diene monomers in the presence of a 
catalytically effective amount of a catalyst composition formed by combining: 

(a) (i) an iron compound and a halogen-containing compound or 
(ii) a halogen-containing iron compound; 

(b) a hydrogen phosphite; and 

(c) an organoaluminum compound. 



4. The catalyst composition of claim 1 or 2, or the process of claim 3, where the 
iron compound is an iron carboxylate, iron carbamate, iron dithiocarbamate, iron 
xanthate, iron (i-diketonate, iron alkoxide, iron aryioxide, iron halide, iron 
pseudo-halide, iron oxyhalide, organoiron compound, or a mixture thereof. 

5. The catalyst composition of claims 1 or 2, or the process of claim 3, where the 
halogen-containing iron compound is iron(II) chloride, iron(III) chloride, iron(III) 
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3 oxychloride, iron(II) bromide, iron(III) bromide, iron (III) oxybromide, iron(II) 

4 iodide or mixtures thereof. 

1 6. The catalyst composition of claims 1 or 2, or the process of claim 3, where the 

2 hydrogen phosphite is an acyclic hydrogen phosphite defined by the following keto- 

3 enol tautomeric structures: 
4 
5 



6 ff/OR 1 ^OR 1 

^OR 2 OR 2 




8 
9 

10 or a cyclic hydrogen phosphite defined by the following keto-enol tautomeric 

11 structures: 
12 

13 
14 
15 
16 
17 
18 

19 or a mixture thereof, where R* and R 2 , which may be the same or different, are 

20 mono-valent organic groups, and where R 3 is a divalent organic group. 

1 7. The catalyst composition of claim 1 or 2, or the process of claim 3, where the 

2 halogen-containing compound is an elemental halogen, mixed halogen, hydrogen 

3 halide, organic halide, inorganic halide, metallic halide, organometallic halide, or 

4 a mixture thereof. 



1 
2 
3 



8. The catalyst composition of claims 1 or 2, or the process of claim 3, where the 
organoaluminum compound is selected from compounds defined by the formula 
AIR n X 3 . n , where each R, which may be the same or different, is a mono-valent 
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4 organic group, where each X, which may be the same or different, is a hydrogen 

5 atom, a halogen atom, a carboxylate group, an alkoxide group, or an aryloxule 

6 group, and where n is an integer including 1, 2 or 3. 



1 

2 
3 



9 The catalyst composition of claims 1 or 2, where the molar ratio of the 
hydrogen phosphite to the iron in the iron compound or halogen-containing uon 
compound is from about 0.5:1 to about 50:1, the molar ratio of the 
organoaluminum compound to the iron in the iron compound or halogen- 
containing iron compound is from about 1:1 to about 100:1, and, when used, 
where the molar ratio of the halogen-containing compound to the iron in the iron 
compound or halogen-containing iron compound is from about 0.5:1 to about 



1 

2 
3 
4 
5 
6 
7 

8 20:1. 



10 The process of claim 3 , where the catalytically effective amount includes from 
about 0.01 to about 2 mmoles of iron in the iron compound or halogen-containing 
iron compound per 100 g of the conjugated diene monomer. 
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